Traditional surface science studies under ultra-high vacuum (UHV) conditions that allow the use of the full armory of electron, photon and ion probes have achieved enormous advances in our understanding of the structural, electronic and chemical properties of well-characterized surfaces in the last few decades. There is, however, an increasing recognition that the huge differences in pressure of reactant gases from UHV (~10 -13 atmospheres) to atmospheric pressure and above, that characterize practical processes in heterogeneous catalysis and corrosion, can lead to fundamental differences in the dominant physics and chemistry. Moreover, higher pressures are essential to allow in situ or in operando studies of the species present on a surface during a catalytic reaction; in UHV only a static state, often corresponding to a nominal equilibrium, can be investigated. A number of techniques are therefore being developed to address this 'pressure gap'. Optical spectroscopies are well-known to bridge this gap both on dispersed catalysts (e.g. [1, 2] ) and on single crystal surfaces (e.g. [3] ), and recent progress has also been made on the use of scanning tunneling microscopy (STM) to surface reactions [4] . Moreover, early attempts to extend the pressure range of X-ray photoelectron spectroscopy (XPS) [5] using differential pumping have recently been advanced using synchrotron radiation, and these 'near-ambient pressure XPS' (NAP-XPS) studies, while still under low vacuum conditions, have proved to be very fruitful [6, 7, 8, 9, 10] . These intermediate pressures, covering the wide range~10 -6 -10 mbar, are high enough to allow in situ studies of the surface species present during some steadystate catalytic reactions to be monitored provided that their coverage under these conditions is sufficient, although the accessible pressures fall short of those required for true in operando studies. The use of novel electron-transparent window materials can also allow studies of liquids (but not solid surfaces exposed to gases) at ambient pressure [11] .
However, quantitative experimental structural information is needed to understand reaction mechanisms; increasingly-sophisticated theoretical treatments are proving extremely successful in modeling these surface processes (e.g. [12] ), but complementary experimental information is essential to refine these methods. Surface X-ray diffraction (SXRD) (e.g. [13, 14] The PhD technique [15, 16] The catalytic reaction of methanol with oxygen over Cu(110) has been studied extensively in the past by temperature-programmed reaction spectroscopy (e.g. [18, 19, 20, 21] ) and direct measurements of the reaction turnover frequency [22] , while electronic and vibrational spectroscopies (e.g. [19, 22, 23, 24] ) provided direct identification of the surface reaction intermediates. The general consensus is that the key molecular surface intermediate is the methoxy species, which produces the desired products of formaldehyde (CH 2 O) and hydrogen after further reaction. An alternative reaction pathway that leads to the undesired total combustion (producing CO 2 and H 2 O) occurs via the formate (HCOO) surface intermediate which can be created from interaction of methoxy with excess surface oxygen.
The local structure of both the methoxy and formate species on Cu(110) have been determined under static UHV conditions at~140 K using the PhD technique. Methoxy is found to bond at short-bridge sites through the O atom (mid-way between two nearest-neighbor Cu atoms in the close-packed [110] azimuth), partly on Cu adatoms and partly on the underlying surface ( Fig. 1), with Cu-O bondlengths of 1.980.03 Å and 1.900.03 Å, respectively [25] . Formate bonds symmetrically through its two oxygen atoms, centered on a bridging site with its molecular plane perpendicular to the surface, such that the two O atoms are close to atop Cu surface atoms ( Fig.   1 ) [26, 27, 28] . NAP-XPS has identified the presence of both methoxy and formate on the surface under methanol oxidation conditions at pressures up to~5x10 -6 mbar [22] , although at significantly higher pressures and temperatures their steady-state surface coverage was too low to detect [29] . Here we show that the local geometries of both species when coadsorbed under 5 these higher-pressure (10 -5 mbar) higher-temperature (450 K) steady-state reaction conditions are similar to those found in the UHV experiments. However, we find that the methoxy species no longer occupies the adatom-bridge sites of Fig. 1 .
Guided by the previous results of Zhou et al. [20, 21] relative to the atomic O peak were found to be 1.00 eV and 1.65 eV, respectively, with similar peak widths in the range 0.85 eV to 1.14 eV. Correct peak identification was aided by the fact that the C 1s chemical shift between the methoxy and formate species is 2.3-2.5 eV [22] , much larger than the value for O 1s. An additional constraint in the consistent simultaneous fitting of both C 1s and O 1s spectra is the known C:O stoichiometry of the methoxy and formate species
(1:1 and 1:2, respectively). Following Günther et al. [22] we therefore assign the three peaks in the C 1s spectra to CH x (C1), CH 3 O (C2) and HCOO (C3). The O1, O2 and O3 peaks are assigned to O, CH 3 O, and HCOO, respectively, but the origin of the O4 and O5 peaks is unclear.
It is possible that these peaks are associated with molecular water and/or methanol that are transiently present on the surface in the presence of the gas phase. The energy-dependence of these peaks showed no modulations above the noise level that would be ascribed to 6 photoelectron diffraction, indicating that they do not correspond to species adopting single highsymmetry sites close to the copper surface. Figure 3 shows the PhD spectra recorded from the methoxy and formate components of the O 1s spectra, under the same conditions as the XPS spectra of Fig. 2 ; equivalent data obtained from these same species prepared and measured under UHV conditions are also shown for comparison. Both spectra from the formate species are dominated by a single long-period modulation, characteristic of normal emission from an atom in a near-atop site, when the scattering is dominated by this nearest-neighbor that is located at a favorable~180 scattering angle. Under reaction conditions the modulations are weaker, and the fine structure of the UHV measurement is lost in the higher noise level; both effects can be largely attributed to the influence of increased vibrational amplitudes at the higher temperature at which the PhD spectra were recorded. The local adsorption geometry for the formate species is essentially identical under the two different conditions; the results of multiple scattering simulations, shown in Fig. 3 , correspond to the same local geometries but with Cu-O bondlengths of 1.900.03 Å and 1.880.05 Å for the UHV and reaction conditions, respectively. While the two methoxy PhD spectra also show somewhat similar underlying modulation envelopes, there are more significant differences in relative intensities and energies of the different peaks. Under UHV conditions the methoxy O atom occupies bridging sites on the surface, so normal emission does not correspond to a favored nearest-neighbor 180 backscattering geometry; as a result these PhD spectra do not show a single dominant underlying periodicity. In order to understand the differences between the spectra from the UHV and reaction conditions, multiple scattering simulations for a range of trial structures were performed, using the same methods as those of the previous UHV study [25] . Figure 3 shows the best fit to the new experimental data achieved in this way. Minor adjustments to the bondlengths and surface relaxations in the UHV two-site model ( Fig. 1) (which gave a high R-factor value of 0.79), failed to produce significant improvement in the fit between experiment and theory. Calculations for alternative sites investigated in the UHV study (shown in ref [30] ) give even worse agreement. However, removing the methoxy from adatombridge sites in the UHV two-site model produced the significant improvement shown in Fig. 3 with a much lower R-factor of 0.44. In this model the Cu (110) by the atomic oxygen reactant species and associated higher mobility of Cu surface atoms (enhanced by the elevated temperature), may be expected to lead to a poor availability of nearestneighbor adatom pairs for methoxy adsorption, despite the fact that such sites are calculated to be energetically slightly favored for adsorption [25] .
This demonstration of the successful application of the PhD technique to gas pressures well above UHV conditions, allowing one to gain entirely new structural information on the geometry of surface reaction intermediates through in situ studies under reaction conditions. Note that the pressure range of 10 -5 mbar used here was the one previously found to correspond to reasonable coverages of the reaction intermediates on the surface during the reaction. At this pressure the capability of a current NAP-XPS instrument is fully exploited , but there seems no reason to believe that the technique cannot be applied to the full (higher) pressure range of such instruments. Significant challenges to this wider exploitation do remain. In particular, instrumental modification to permit PhD data collection at a range of emission directions would allow a larger data set to be collected, thus enabling more complete structure determinations.
PhD spectra in a single direction can lead to ambiguities in structural interpretation, although this problem is largely eliminated if the results of a related complete study under UHV conditions are available, as in the present case. The attenuating effect of atomic vibrations on PhD, and on all other diffraction techniques, may also prevent the application of the method to much higher
temperatures, yet there remains considerable scope for further exploitation of the method. recorded in the earlier studies under UHV at 140 K following reaction at 300 K [28, 25] . The structural models associated with the theoretical simulations are described in the text.
